Raw data code are available via Zenodo at <http://dx.doi.org/10.5281/zenodo.11120> (DOI: [10.5281/zenodo.11120](http://dx.doi.org/10.5281/zenodo.11120)).

Introduction {#sec001}
============

Coffee consumption has increased nearly 20 times between 1952 and 2011 \[[@pone.0106355.ref001]\]. To supply the demand many countries, including Brazil, have adopted intensive agricultural practices, with heavy use of chemical fertilizers and an array of chemical treatments to combat pests (insecticides, pesticides, fungicides) and competing plants (herbicides), all of which have a negative impact on the environment \[[@pone.0106355.ref002]--[@pone.0106355.ref004]\]. Although coffee consumption has been linked to numerous physiological benefits \[[@pone.0106355.ref005]--[@pone.0106355.ref008]\], several studies have associated pesticides or herbicides in coffee agriculture to health problems \[[@pone.0106355.ref009], [@pone.0106355.ref010]\], including various types of cancer \[[@pone.0106355.ref011]\]. More recently, organic farming, which removes the use of chemical treatments \[[@pone.0106355.ref012]\], has provided a healthier alternative that benefits consumers, farmers, and the environment.

Brazil has been a leading country in coffee production for the past 150 years, growing about one third of the world's coffee \[[@pone.0106355.ref013]\]. Over 50% of that productivity happens in the southeastern state of Minas Gerais, where the coffee variety Arabica (*Coffea arabica*) is the most common \[[@pone.0106355.ref014]\]. Despite being a major economic activity, little is known about the bacterial community composition associated with soil of coffee plantations and how that community differs between intensive and organic agricultural practices. The soil microbiome is quite diverse with an estimated 6,400--38,000 taxa per gram of soil \[[@pone.0106355.ref015]\]. Biological species diversity has long been thought to confer benefits in sustainability, with increased diversity providing resistance to stress, disturbance, and changing soil conditions \[[@pone.0106355.ref016]\]. Traditionally, studies of bacterial diversity were limited to culture based studies, but since ≥99% of bacteria are estimated to be uncultivable \[[@pone.0106355.ref017]\], culture independent methods to study diversity such as use of the 16S rRNA marker gene have come into widespread use \[[@pone.0106355.ref018], [@pone.0106355.ref019]\].

Bacteria that enhance plant growth, referred to as plant growth-promoting bacteria (PGPB), have been characterized primarily based on culture methods \[[@pone.0106355.ref020]\], including the PGPB associated with the coffee rhizosphere. PGPB in the coffee rhizosphere can increase crop production by acting as plant growth promoters or supplying plants with nutrients, as demonstrated with isolates such as the \[[@pone.0106355.ref021], [@pone.0106355.ref022]\]phosphate-solubilizing bacteria \[[@pone.0106355.ref023]\] and nitrogen-fixing bacteria \[[@pone.0106355.ref008]\]. *Acetobacter diazotrophicus* was one of the first nitrogen-fixing bacteria to be associated with coffee plants, being found in plant tissues as well as in the rhizosphere \[[@pone.0106355.ref008]\]. Additionally, *Achromobacter*, *Stenotrophomonas*, and *Leifsonia* isolates were associated with enhanced Robusta coffee (*Coffea canephora*) \[[@pone.0106355.ref024]\], which represents 30% of Brazil's national coffee production, only second to Arabica with the remaining 70%.

A small study showed the rhizosphere of Arabica coffee to be dominated by the genera *Bacillus*, *Pseudomonas*, *Micrococcus*, *Serratia*, and *Flavobacterium*, whereas Robusta coffee was dominated by *Bacillus*, *Pseudomonas*, and *Flavobacterium*, both listed in decreasing order of abundance \[[@pone.0106355.ref025]\]. An in-depth investigation applying high throughput next-generation sequencing to provide a deeper characterization of the coffee-associated rhizobacteria community is lacking.

Farming has a substantial impact on the environment. Soil degradation and erosion, pressure on limited water supplies, and reliance on fossil fuel based fertilizers and pesticides are all issues identified with current agricultural processes. Climate change is also greatly affected by agriculture, with 12--14% of greenhouse gas emissions estimated to be due to agriculture, primarily due to production and use of conventional nitrogen fertilizers \[[@pone.0106355.ref026]\]. Organic farming has been suggested as one method to mitigate some of these environmental concerns, though the environmental and socioeconomic impacts of organic versus conventional farming are complex \[[@pone.0106355.ref027]\]. While biodiversity and soil organic content increase under organic farming in general, the effects on nutrient leaching and greenhouse gas emissions are complicated by increased land use due to reduced yields \[[@pone.0106355.ref028]\]. In coffee production, similar results have been found. Organic cultivation methods were associated with reduced greenhouse gas emissions per kg of coffee, but due to lower yields, organic farming required more land usage to generate comparable production to conventionally farmed coffee, with the associated environmental implications \[[@pone.0106355.ref029]\]. However, a large-scale study in Costa Rica, covering thousands of farms, showed benefits to organic certification of coffee farms due to reduction in chemical inputs (pesticides, herbicides, and inorganic fertilizers) and adoption of environmentally friendly management practices \[[@pone.0106355.ref030]\].

The goal of this project was to differentiate the diversity and composition of microbial communities associated with the rhizosphere of coffee plants between organic and pesticide-treated coffee farms using next generation sequencing technology. This study expects to provide a first investigation of such differences in coffee soils and identify potential biological markers for future microbial soil manipulations.

Materials and Methods {#sec002}
=====================

Sample Sites {#sec003}
------------

Our study was conducted in private land. No specific permissions were required from an authority. Soil samples were collected from three coffee farms in the region of Zona da Mata, located in the southeastern part of the State of Minas Gerais, Brazil, during the harvesting season. All three farms are located within a 5.5 km radius, near the mountain range of the second highest peak in Brazil, "Pico da Bandeira," (Portuguese for *Flag Peak*; elevation 2,892m). The region has been explored for coffee farms since the early 1830s due to its propitious hilly topography, mild temperatures (18.8°C annual average temperature; annual average range 12.4°C---25.9°C), and precipitation patterns (1,340 mm annual average precipitation; annual range 1,000--1,680 mm). The soil type is known as latosols, yellowish-red in color from iron and aluminum oxide deposits.

Most coffee in Brazil is produced in this region and each of the three farms from which samples were collected for this study grew the same coffee variety, the *Coffea arabica* L., (cultivar Red Catuai, IAC-44) a breed developed by the Campinas Agronomy Institute (IAC in Portuguese) for higher yield in Brazilian soil and climate conditions \[[@pone.0106355.ref031], [@pone.0106355.ref032]\] and higher resistance to fungal diseases \[[@pone.0106355.ref033], [@pone.0106355.ref034]\]. Even though each farm has belonged to the same respective family for at least 3 generations, each showed a distinct method of farming practice. The intensive farm (INT) practices heavy use of pesticides, herbicides, fertilizers, and other treatments of the soil on an annual cycle. The fertilizer NPK 20-05-20 (by Heringer Fertilizantes, Manhuaçu, MG, Brazil) is applied three times per year (October, December, and February). NPK 20-05-20 stands for 20% nitrogen, 5% phosphate, and 20% potassium. The primary pesticide used at the INT farm is IMPACT (by Cheminova, Lemvig, Denmark), with active ingredient flutriafol to combat fungal diseases such as the common coffee leaf rust and coffee berry disease \[[@pone.0106355.ref033], [@pone.0106355.ref035]\]. The pH of the soil in the intensive farm is controlled semi-annually by the addition of lime once the pH falls below 5.5. The transitional (TRN) farm on the other hand switched to organic farming 4 years prior to our sample collection and within that period has been using natural compost as the fertilizer with no addition of pesticides or herbicides. In addition other crops such as manioc (*Manihot esculenta*, aka cassava) or corn are planted among the coffee trees to enhance soil health quality, possibly by enriching soil with nitrogen-fixing bacteria. Four years prior to organic practices, TRN soils were treated with pesticides, herbicide and chemical fertilizers. Neighboring farmers still apply pesticides, which could potentially be carried in air to the TRN farm. The organic farm (ORG) practiced no use of chemical pesticides, herbicides or industrialized fertilizers for over 18 years. It is believed this land was a forest before turning into a farm and was never under the direct influence of chemical pesticides or fertilizers. Natural compost has been the primary fertilizer at ORG and, similar to the TRN farm, other crops were planted within the coffee crops such as manioc.

General characteristics of each farm were collected at site and included the crop density, measured by the distance between each coffee tree in a row and the distance between each row; the age of each farm; the number of coffee trees planted; and the coffee yield, measured as the number of 60 kg coffee bags produced per number of coffee trees harvested. In addition the coordinates for each site was taken using GPS on a mobile device ([Table 1](#pone.0106355.t001){ref-type="table"}). The yield of coffee production for the year we collected the samples varied among the three farms as follows: the intensive farm yield ranked highest with 1.4 x 10^−2^ bags/tree, followed by the organic farm with 1.2 x 10^−2^ bags/tree, while the transitional farm had the lowest yield with 1.0 x 10^−2^ bags/tree.

10.1371/journal.pone.0106355.t001

###### Farm characteristics.

![](pone.0106355.t001){#pone.0106355.t001g}

  Site                     Planting density (m)[^a^](#t001fn002){ref-type="table-fn"}   Latitude (South)   Longitude (West)   Age (years)   Coffee trees   Coffee production (60 kg bags)
  ------------------------ ------------------------------------------------------------ ------------------ ------------------ ------------- -------------- --------------------------------
  **Intensive (INT)**      0.5 x 3.5                                                    -20.619836         -42.137103         10            32,000         450
  **Transitional (TRN)**   1.0 x 2.0                                                    -20.644278         -42.196235         4             3,000          30
  **Organic (ORG)**        2.0 x 4.0                                                    -20.593598         -42.153856         18            5,000          60

Collected from interviews.

^a^ Distance between each coffee tree in a row versus distance between rows (in meter).

Sample Collection and Soil Chemical Analysis {#sec004}
--------------------------------------------

A total of 90 samples were collected for genomic DNA extraction, 30 samples from each of the three farms (INT, TRN, ORG), where 20 samples were from rhizosphere soil, next to the coffee tree trunk, and 10 control soil samples were collected 5 meters away from the coffee plantation. All samples were collected 2 cm below the surface in sterile Whirl-Pak Bags (Nasco, Fort Atkinson, WI). Samples were kept and transported in ice from each farm and stored at -20°C until DNA extractions. The TRN site had no bare soil next to the plantation and instead grass was growing in the control soil, hence samples were collected from the grass rhizosphere.

Separate soil chemical analyses were done between the rhizosphere and the control soil areas at each farm, one analysis per area, for a total of four analyses among all three farms ([S1 Table](#pone.0106355.s001){ref-type="supplementary-material"}). Sample collection and preparation for chemical analyses followed the standard protocol used by the local farmers as instructed by the laboratory carrying out the analyses (Manhuaçu Laboratório de Análise de Solos, Manhuaçu, MG). Basically, 20 single samples of approximately equal weight and equally distributed within the study area, were collected in Whirl-Pak Bags, then combined in a clean container, and homogenized. Finally, 250 g of the homogenate from each of the four study areas were submitted for chemical analysis. Results for the soil chemical analyses are shown in [S1 Table](#pone.0106355.s001){ref-type="supplementary-material"}. In general, the rhizosphere of each farm had a higher pH than its control soil counterpart. A soil pH between 5.5 and 6.0 is considered adequate for coffee plantation. The intensive farm had the highest pH (6.22) among all soils tested, perhaps due to the application of lime to the soil to control pH. The organic farm rhizosphere had the second highest pH (6.10). Similar to pH, nutrients such as phosphorous (P), calcium (Ca^2+^), and magnesium (Mg^2+^) were higher in the rhizosphere samples as compared to the respective control soil. There was no clear pattern where one farm had consistent higher concentration of available nutrients over the other.

Genomic DNA Extraction and Purity {#sec005}
---------------------------------

Genomic DNA extraction was done within 24 h of the last collection using the MO-BIO PowerSoil DNA Extraction Kit (cat 12888--100). Extraction followed manufacturer recommendations on 0.25 g of soil from each sample. DNA quantification (ng/μl) and purity were determined using a NanoDrop-1000. All 90 soil samples were submitted for 16S rRNA gene amplification and sequencing.

PCR Amplification and Sequencing {#sec006}
--------------------------------

Genomic DNA samples were sent to Argonne National Laboratory, where they underwent an amplicon sequencing protocol as previously described \[[@pone.0106355.ref019], [@pone.0106355.ref036]\]. Forward primer 515F (5-GTGCCAGCMGCCGCGGTAA-3) and reverse primer 806R (5-GGACTACHVGGGTWTCTAAT-3) were used to PCR amplify 253bp (not including primers) covering hyper variable region V4 of the 16S rRNA gene. Amplicons were sequenced with Illumina's MiSeq, using 2x250bp reads (paired end sequencing).

Sequence Analysis {#sec007}
-----------------

Sequencing reads were demultiplexed, then poor-quality regions were filtered/trimmed with Trimmomatic (version 0.32) and discarded from further analysis. Raw reads were deposited in Zenodo \[[@pone.0106355.ref037]\]. Sequences were processed in mothur (version 1.32.1), following a custom protocol based on the Schloss lab MiSeq SOP \[[@pone.0106355.ref038]\]. In summary, we built contigs from paired end sequences, aligned contigs to a SILVA-based reference alignment \[[@pone.0106355.ref039]\], taxonomically classified contigs using the GreenGenes database \[[@pone.0106355.ref040]\], removed chimeras (using the UCHIME algorithm), and clustered the sequences into operational taxonomic units (OTUs) at 97% sequence similarity. The taxonomic classification was imported and displayed in an interactive hierarchical phylogenetic plot for each of the samples using Krona \[[@pone.0106355.ref041]\].

Various statistical tests were performed using mothur after the sequences were clustered into OTUs. Richness and diversity were calculated using the Chao algorithm and Shannon index, respectively. In order to ascertain the statistical differences between samples, first a pairwise comparison of samples was generated using the Yue and Clayton theta calculator, as implemented in mothur. Both 2-dimensional Principle Coordinates Analysis (PCoA) and 2-dimensional Non-metric multidimensional scaling (NMDS) were performed on the distance matrix. Additionally, Analysis of Molecular Variance (AMOVA), which calculates differences between and among genetic populations, were performed comparing samples based on site (INT, TRN, or ORG), sample type (coffee rhizosphere or control), and the various combinations of site and sample type. Finally, LEfSe \[[@pone.0106355.ref042]\] was used to measure statistical differences of OTUs in the coffee rhizosphere between each of the sites.

Results {#sec008}
=======

DNA sequences {#sec009}
-------------

Of the 90 genomic DNA samples sequenced, 81 samples (90%) contained sufficient sequence data for further analysis, with read pairs median of 58,339, ranging from 21,959 to 92,883. All 20 samples for each of the rhizosphere from the intensive (INT-Coffee), transitional (TRN-Coffee), and organic (ORG-Coffee) farms contained sufficient sequence data. Among the soil control samples, out of the 10 samples collected from each site, sufficient sequence data were retrieved from nine of the intensive (INT-Control), 10 from the transitional (TRN-Control), and 2 from the organic (ORG-Control) farm. Most samples with low sequence count were from ORG-Control (eight out 10), which also had low DNA yield, perhaps due to low microbial load in those soils. After quality filtering, the eight ORG-Control samples with low sequence counts were discarded and the 81 remaining samples had a median size of 47,715 read pairs (range 18,320--72,205).

Taxonomy {#sec010}
--------

At the broad taxonomic level, we identified sequences from 48 bacterial phyla and 3 archaeal phyla ([S2 Table](#pone.0106355.s002){ref-type="supplementary-material"}) among all samples. In addition, 1.3% (34822) of the Bacteria sequences and 0.9% (47) of the Archaea sequences were determined unclassified. Bacteria dominated the community with 98% of the sequences compared to 2% Archaea. On average, Proteobacteria was the most prevalent phylum at each sample site, with Acidobacteria and Actinobacteria being either the second or third most prevalent, except for the TRN-Control site, where Acidobacteria was the most prevalent, followed by Proteobacteria and Verrucomicrobia ([Table 2](#pone.0106355.t002){ref-type="table"}). The TRN-Control site had grass covering the soil, whereas the other control sites (INT-Control and ORG-Control) were bare soil (no vegetation coverage). Within Archaea, phylum Thaumarchaeota \[[@pone.0106355.ref043], [@pone.0106355.ref044]\] represented 89.7% of the sequences retrieved, with the remaining sequences clustered within phylum Euryarchaeota (8.3%), phylum Parvarchaeota (1.9%), or unclassified Archaea (\~0.1%). Recently, Thaumarchaeota was reclassified from an order to a phylum \[[@pone.0106355.ref045]\] in the Archaea domain. Greengenes has not yet updated its classification and Thaumarchaeota remains an order in that database. Hence, we classified all our sequences using the Ribosomal Database Project (RDP) classifier, version September 2014 \[[@pone.0106355.ref046]\]. The same number of sequences previously classified in the order Thaumarchaeota in Greengenes was classified as phylum Thaumarchaeota by RDP. To agree to a more updated classification we will refer to our order Thaumarchaeota sequences as phylum Thaumarchaeota. Euryarchaeota is a poorly described group in soil \[[@pone.0106355.ref047]\] and Parvarchaeota is a recently proposed environmental group with no pure isolates, having been found in low abundance in acidic environments \[[@pone.0106355.ref048]\]. Taxonomic groups can be visualized and be individually interrogated for relative abundance and number of sequences identified in Krona plots ([S1 Fig](#pone.0106355.s003){ref-type="supplementary-material"}).

10.1371/journal.pone.0106355.t002

###### Most prevalent phyla.

![](pone.0106355.t002){#pone.0106355.t002g}

  Sample Site       1^st^                    2^nd^                    3^rd^
  ----------------- ------------------------ ------------------------ -------------------------
  **INT-Coffee**    Proteobacteria (32.7%)   Acidobacteria (16.5%)    Actinobacteria (12.5%)
  **INT-Control**   Proteobacteria (37.4%)   Actinobacteria (18.7%)   Acidobacteria (10.7%)
  **TRN-Coffee**    Proteobacteria (29.7%)   Acidobacteria (20.5%)    Actinobacteria (10.7%)
  **TRN-Control**   Acidobacteria (29.7%)    Proteobacteria (18.7%)   Verrucomicrobia (15.7%)
  **ORG-Coffee**    Proteobacteria (32.8%)   Actinobacteria (20.1%)   Acidobacteria (17.0%)
  **ORG-Control**   Proteobacteria (35.7%)   Acidobacteria (15.6%)    Actinobacteria (9.7%)

Taxonomic classification raking the 1^st^, 2^nd^, and 3^rd^ most prevalent phylum in each of the six sample sites. Data were classified using mothur's classify.seqs command and GreenGenes as the reference database (May 2013). In parentheses is the relative abundance of each phylum as a percentage of the total number of sequences within each site.

OTUs, Richness, and Diversity {#sec011}
-----------------------------

For comparison, we normalized sequences in each sample to 3,000 random sequences for a total of 243,000 sequences (81 samples x 3,000 sequences per sample), where 45,545 (18.7%) were identified at least once (referred here as unique sequences). These unique sequences were clustered into OTUs, resulting in 12,650 OTUs at the 97% similarity level, 7,273 OTUs at the 95% and 2,505 OTUs at the 90% similarity level. For clarity all other analyses and statistics in this study used OTUs clustered at the 97% similarity level.

The highest number of OTUs at 97% sequence similarity was found in the rhizosphere samples of each farm as compared to the control soil ([Table 3](#pone.0106355.t003){ref-type="table"}). And among the rhizospheres, the transitional farm had the highest number of OTUs (6,133) followed by the intensive farm (5,661) and lastly the organic farm (4,911). Number of OTUs per sample site was, as expected, directly correlated to the number of samples analyzed. Twice as many OTUs were identified in the rhizosphere (twice as many samples) as in the control soil samples for INT and TRN with the lowest number of OTUs identified in the ORG-Control site, where only two out of 10 samples had high quality sequences as detailed above.

10.1371/journal.pone.0106355.t003

###### Summary data of OTUs, richness, and diversity.
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  Sample        Total OTUs   Per Sample OTUs (Min-Max \[Median\])   Chaos Richness \[95% CI[^a^](#t003fn002){ref-type="table-fn"}\]   Shannon Diversity \[95% CI\]
  ------------- ------------ -------------------------------------- ----------------------------------------------------------------- ------------------------------
  INT-Coffee    5661         769--1068 \[923\]                      9673 \[9270--10122\]                                              6.90 \[6.88--6.91\]
  INT-Control   2779         114--1019 \[880\]                      4515 \[4266--4804\]                                               6.27 \[6.25--6.29\]
  TRN-Coffee    6133         719--1089 \[947.5\]                    10929 \[10461--11448\]                                            6.94 \[6.93--6.95\]
  TRN-Control   2987         612--819 \[705.5\]                     5263 \[4964--5608\]                                               5.73 \[5.70--5.75\]
  ORG-Coffee    4911         119--1050 \[823\]                      7778 \[7463--8133\]                                               6.64 \[6.63--6.65\]
  ORG-Control   1011         98--955 \[526.5\]                      1901 \[1715--2138\]                                               5.55 \[5.50--5.59\]

Values shown for each of the six sites (INT, TRN, or ORG) and each sample type (coffee or control) combinations, calculated using mothur. OTUs were clustered at 97% sequence similarity.

^a^ CI = confidence interval

Chao algorithm used to estimate richness (number of unique taxa) and Shannon index to estimate diversity, suggest the coffee rhizosphere samples (INT-Coffee, TRN-Coffee, and ORG-Coffee) had higher richness and diversity compared to their respective control samples ([Table 3](#pone.0106355.t003){ref-type="table"}). Among the rhizosphere samples, the transitional farm (TRN-Coffee) had the highest richness, followed by INT-Coffee, then ORG-Coffee, with no overlapping 95% confidence intervals. Richness estimates of individual samples ([Fig 1A](#pone.0106355.g001){ref-type="fig"}) had high variability in the INT-Control, ORG-Coffee, and ORG-Control sites compared to the low variability observed in the INT-Coffee, TRN-Coffee, and TRN-Control sites. It is unclear what regulates richness in these habitats. Even though Chao richness values of some control samples were within the confidence intervals (CI) of the respective rhizosphere sample site ([Fig 1A](#pone.0106355.g001){ref-type="fig"}), the mean Chao richness value in each of the three rhizosphere sites was higher as compared to the respective control site ([Fig 1B](#pone.0106355.g001){ref-type="fig"}). Interestingly, the TRN-Control samples, which were collected in soil covered with grass, showed higher richness level as compared to the other two controls (INT and ORG), suggesting a unique and diverse microbiome is associated with the grass ([Table 3](#pone.0106355.t003){ref-type="table"}).

![Chao richness estimates of species-level OTUs.\
**(A)** Richness level calculated for each of 81 samples, color-coded and grouped by site (INT, TRN, or ORG) and sample type (coffee rhizosphere or soil control) as detailed in the methods. Richness estimates (± 95% confidence intervals) of 97% similarity OTUs calculated in mothur and plotted in R. Black circle indicates number of observed OTUs. **(B)** Mean Chao richness estimates (± standard error) from individual samples shown in Fig 1A within each sample site and sample type calculated in R.](pone.0106355.g001){#pone.0106355.g001}

Statistics {#sec012}
----------

AMOVA statistical analysis (based on OTUs) showed that each site (INT, TRN, ORG) was statistically different from the other (p \<0.0001), when rhizosphere and control samples were combined per site (INT-ORG df = 50, INT-TRN df = 58, ORG-TRN df = 51). Similarly, combined coffee rhizosphere samples were statistically significantly different from combined control samples (p\<0.0001, df = 80). Comparisons between the rhizosphere versus control samples within each respective sample site were also significantly different (p \< 0.05) for the intensive (INT-Coffee x INT-Control) and transitional (TRN-Coffee x TRN-Control) samples, but not for the organic farm (ORG-Coffee x ORG-Control), most likely due to the low sample size (n = 2) of the control (ORG-Control), suggesting further sampling is needed for appropriate comparisons. All comparisons between coffee rhizospheres were highly significant: INT-Coffee x ORG-Coffee p\<0.0001, df = 39; INT-Coffee x TRN-Coffee p = 0.0002, df = 39; and ORG-Coffee x TRN-Coffee p\<0.0001, df = 39.

Comparable results were obtained from both 2-dimensional PCoA (data not shown) (R^2^ = 0.710) and 2-dimensional NMDS (R^2^ = 0.711, lowest stress = 0.289) ([Fig 2](#pone.0106355.g002){ref-type="fig"}). Those results largely agreed with the AMOVA results, where although overlap exists between sites, each site distribution takes a slightly different shape. On the sample level, it is interesting to note that individual samples from one site are in some cases found closer to samples from a different site than they are to the nearest sample from the same site. The relatively high inter-sample distances indicate coffee rhizobacteria are likely influenced by more than just the type of cultivation. The OTUs in the controls formed different groupings than their respective rhizosphere samples, despite control samples being collected near the coffee plants. While the control samples for the intensive farm and the transitional farm slightly overlap their respective coffee rhizosphere samples, the organic farm's controls do not. The samples taken from the transitional control grass rhizosphere (TRN-Control) also show a much tighter grouping than those of the coffee rhizosphere, underscoring the noted heterogeneity of the coffee rhizosphere samples.

![NMDS of species-level OTUs, grouped by site and sample type.\
NMDS plot, analyzing differences in 97% similarity OTU taxonomy between samples. NMDS axes calculated in mothur, results plotted in R. Number of random configurations tested = 1000, with 10000 iterations of each configuration. R^2^ = 0.711. Lines indicate clustering of samples in each site-sample type combination. Sites were INT, TRN, and ORG whereas sample types included either coffee rhizosphere or soil control.](pone.0106355.g002){#pone.0106355.g002}

In order to determine which OTUs were statistically significantly different in abundance between sites, we used mothur's implementation of the LEfSe algorithm. We focused only on the coffee rhizosphere samples for this analysis. While the bulk of the 12,650 OTUs were not found to vary significantly among farms, 385 OTUs (3%) were identified to be discriminatory among the three sites ([Fig 3](#pone.0106355.g003){ref-type="fig"}), all of which had a linear discriminant analysis (LDA) score \>2, the threshold for statistical significance. The phyla with the most discriminatory OTUs mirrored the most abundant phyla for the overall project, where Proteobacteria had 115 OTUs, Actinobacteria 67 OTUs, and Acidobacteria 55 OTUs. Together, these three phyla accounted for over 60% of the 385 OTUs identified with significant differences in abundance between samples. A similar trend can be seen in several phyla. In Bacteroidetes, Proteobacteria, and Acidobacteria the most discriminatory OTUs were in the intensive farming site, followed by the transitional, followed by the organic. The opposite trend was observed for Actinobacteria, where nearly 5 times more abundant OTUs were found in the organic farm as compared to either transitional or intensive farms.

![LEfSe discriminatory OTUs among coffee rhizosphere samples.\
Heatmap of LEfSe results. The number of discriminatory OTUs in each phylum is shown in corresponding box for each of the three sample sites (INT, TRN, and ORG). Statistic calculated in mothur and results plotted in R.](pone.0106355.g003){#pone.0106355.g003}

Two distinct groups of prokaryotes involved in the nitrogen cycle, *Candidatus* Nitrososphaera (an ammonia oxidizing Archaea \[AOA\] in the phylum Thaumarchaeota) and Rhizobiales bacteria, were identified among the discriminatory OTUs. Two discriminatory *Ca*. Nitrososphaera OTUs were found in the intensive farm and 3 in the organic farm. *Ca*. Nitrososphaera accounted for 1.7% of overall sequences and 88% of the observed Archaea. The highest relative abundance of *Ca*. Nitrososphaera sequences was found in the INT farm, with 2.18% of the total sequences, followed by the TRN farm (1.74%) and the ORG farm (1.52%). Order Rhizobiales of the Proteobacteria, which accounted for 6.7% of overall sequences, also had many discriminatory OTUs (6 in INT, 6 in ORG, and 5 in TRN). The trend in abundances of Rhizobiales was the inverse of *Ca*. Nitrososphaera abundances: the highest amounts were seen in the ORG farm (8.83%) followed by TRN (5.77%) and INT (5.62%). While not all Rhizobiales are considered ammonia-oxidizing bacteria (AOB), many are involved in nitrogen fixation when associated with leguminous plants, and some members are also plant or animal pathogens \[[@pone.0106355.ref049]\]. Three families within the order Rhizobiales were found in larger proportions than most other identified bacteria in the rhizosphere samples of each farm included Bradyrhizobiaceae (0.68% INT; 1.89% ORG; and 0.84%TRN), Rhizobiaceae (0.41% INT; 0.30% ORG; and 0.14%TRN), and Rhodobiaceae (0.12% INT; 0.03% ORG; and 0.84%TRN) ([S2 Fig](#pone.0106355.s004){ref-type="supplementary-material"}). Numerous other groups known to support plant growth via the nitrogen cycle were present, but at a minor relative abundance and at no significant difference among the three farms

Three common Bacteria genera involved in nitrogen fixation are *Acetobacter* (family Acetobacteraceae), *Azospirillum* (family Rhodospirillaceae), and *Azotobacter* (family Pseudomonadaceae). The family Acetabacteraceaea was proportionally larger in the organic farm rhizosphere ([S2 Fig](#pone.0106355.s004){ref-type="supplementary-material"}), but only 3 *Acetobacter* sequences were detected, all in the intensive farm rhizosphere samples. *Azospirillum* had 1 sequence in INT-Coffee, 4 in TRN-Coffee and 0 in ORG-Coffee samples. Even though 19,971 sequences were detected in the Pseudomonadaceae family, none were classified in the genus *Azotobacter*. Instead, genus *Pseudomonas* represented 82% (16,370 sequences) of the Pseudomonadaceae family. *Pseudomonas* sp. are known to act as biocontrol-PGPB by inhibiting plant soil-borne pathogens \[[@pone.0106355.ref050]\], but except for the transient farm, the *Pseudomonas* sp. sequences were mostly in the control soil of each respective farm (0.5% of INT-Coffee and 2.35% of the INT-Control; 0.43% ORG-Coffee and 5.77% of ORG-Control; and 0.11% TRN-Coffee and 0.02% TRN-Control).

Among the three PGPB associated with Robusta coffee, *Achromobacter*, *Stenotrophomonas*, and *Leifsonia*, only members of the latter were not detected in our samples. The relative abundance of *Achromobacter* sp. was 0.03% for all sequences, but 60% of the sequences (538) was found in the organic farm rhizosphere. Only a total of 682 sequences of *Stenotrophomonas* sp. (0.02% of all sequences) were detected, representing 0.03% of the INT-Coffee, 0.02% of the ORG-Coffee, and 0.01% of the TRN-Coffee total sequences.

Discussion {#sec013}
==========

Even though the three farms included in this study were located in close proximity (within a 5.5 km radius), they had the same type of soil classification (latosols) and grew the same species of coffee plants (*Coffea arabica* L., variety Red Catuai) the microbiomes identified among them differed drastically. Some of the major distinct characteristics among these farms were the farming practices and the dispersal of the coffee plants (distance among the trees), which have a direct effect on the soil chemistry and the microbes associated with the rhizosphere. As with other soil microbiomes, the rhizospheric soil associated with coffee plants contained a highly diverse group of prokaryotes. Thousands of species-level OTUs were identified in each farm when aggregating results from their respective 20 individual 0.25g soil samples. Despite similarities in coarse-grained taxonomy, with Proteobacteria, Acidobacteria, and Actinobacteria making up over half of the bacterial species identified in each of the sites, each farm had a distinct phylogenetic signature. Statistically significant results were found both when comparing the three farms against each other as a whole, as well as when comparing individual OTU abundances between the farms. Additionally, the soil prokaryotes associated with the coffee plant rhizosphere were more diverse and were compositionally different from their respective control soil samples. Interestingly, when comparing differences in diversity between coffee rhizosphere samples and their respective controls, the smallest increase in diversity was observed between the intensive farm's two sample types (INT-Coffee x INT-Control), perhaps due to the transitional site having grass growing on its control (enhancing diversity), and the organic site's control having a small sample size. Nonetheless, the control samples allowed us to remove some of the "noise" in the complex rhizosphere microbiome, making it possible to establish more discrete portions of the community associated with the coffee rhizosphere. While the data suggest coffee plants growing in different farms have different rhizospheric populations, it is left to further studies whether these changes are due directly to the farming practices or other confounding factors such as soil chemistry.

To our knowledge this is the first investigation of the microbial diversity in coffee rhizosphere using deep sequencing. Compared to other studies using next-generation sequencing targeting the bacterial community in soil of the eastern Brazil's savanna-like *cerrado* biome and in Brazilian soil of sugarcane crops \[[@pone.0106355.ref051]--[@pone.0106355.ref053]\] the predominant phyla were also Proteobacteria, Acidobacteria, and Actinobacteria, indicating these groups are not only common but may play an important role in diverse Brazilian crop soils.

It has been known that PGPB in the rhizosphere can affect plants directly by promoting plant growth or indirectly by either inhibiting plant pathogens or increasing plant resistance to pathogens (Biocontrol-PGPB) \[[@pone.0106355.ref050], [@pone.0106355.ref054], [@pone.0106355.ref055]\]. Agriculture has greatly benefitted from this knowledge and PGPB inoculants have been used extensively to increase farm productivity \[[@pone.0106355.ref056]\]. Classic examples of PGPB that benefit plants by fixing nitrogen in the genera *Rhizobium*, *Agrobacterium*, *Acetobacter* and *Azospirillum* were detected in fairly low relative abundance in our samples, even though the families in which these microbes belong to had some of the highest relative abundances (\# of sequences in the family divided by all sequences in each sampling site) compared to all other families in our database. This suggests new prominent beneficial microbes for coffee plants can be discovered within those families. For instance, the genus *Acetobacter*, which includes the species *A*. *diazotrophicus*, a model PGPB organism associated with coffee and sugarcane crops in Brazil \[[@pone.0106355.ref057]\], was only detected in the intensive coffee rhizosphere in our samples (3 sequences total); whereas we classified 8,309 sequences in the family Acetobacteraceae, half of which were in the organic coffee rhizosphere.

By contrast, two large groups of ammonia oxidizing prokaryotes were discovered in this study, *Ca*. Nitrososphaera (1.7% of total sequences) and Rhizobiales (6.7%), serving as potential new avenues of further exploration. The trend of increasing abundances of *Ca*. Nitrososphaera from ORG \< TRN \< INT is worthy of future study, since the difference is statistically significant, and all known members of the genus are associated with the nitrogen cycle. While the trend is reversed in Rhizobiales, a targeted study with a longer 16S rRNA gene amplicon would be needed to elucidate which genera are present in order to hypothesize whether the organisms present play a role in nitrogen fixation or plant pathogenicity. Coffee plants have high nitrogen requirements for proper berry development \[[@pone.0106355.ref058]\] and some plants have been shown to establish infections from multiple nitrogen-fixing bacteria genera \[[@pone.0106355.ref059]\]. Since the nitrogen cycle and nitrogen availability play a significant role in overall production levels in coffee and other crops, it would be prudent to continue studying these groups and how they may relate to nitrogen availability and yield of coffee.

The goal of this project was to differentiate the microbial communities associated with the rhizosphere of coffee plants between organic and pesticide-treated coffee farms using next generation sequencing. Our initial hypothesis, that microbial diversity is reduced in pesticide-treated farms as compared to organic farms, was not supported. In fact, the organic farm showed the lowest levels of observed OTUs, richness, and diversity. There are many unexplored differences between the farms, but it is possible the combination of soil conditions and coffee plant density in the organic farm were inappropriate to sustain a more diverse microbial community or the fertilization and other chemical amendments applied in the intensive farm had a diversity promoting effect. Soil chemical composition alone cannot explain the lower OTU numbers observed in the organic farm, since except for sodium and phosphorous, levels of nutrients and organic matter in the organic farm rhizosphere were either similar or higher than those in the other two farms.

Reports show that yields in organic coffee farming are lower than in intensive farming \[[@pone.0106355.ref060]\] by as much as 20% over a three year average \[[@pone.0106355.ref027]\]. One long-term goal application of our study is to investigate potential microbes with a positive effect in coffee production. Manipulation of the microbial composition in soil to enrich for such microbes and stimulate plant growth, as shown in other types of farming, could be applied in coffee production to provide an alternative to chemical treatment and potentially reduce the use of industrial fertilizer, herbicides and pesticides \[[@pone.0106355.ref050]\] or in bioremediation to remove contaminants from previous farming \[[@pone.0106355.ref020]\] in the transition to a more organic practice. For example, part of the increase in soybean production in Brazil is due to soil inoculation with PGPB strains \[[@pone.0106355.ref061]\]. We propose that *Ca*. Nitrososphaera and Rhizobiales are two contenders for such future manipulation studies in coffee farms. A recent study reported a higher abundance of ammonia-oxidizing Archaea (AOA) *Ca*. Nitrososphaera in agriculture soils for wheat, corn, and sugarcane crops as compared to non-agricultural controls \[[@pone.0106355.ref062]\]. In agreement to this study, Zhalnina et al. (2013) reported *Ca*. Nitrososphaera to be positively correlated to agricultural management and inversely correlated to the plant diazotrophic symbiont, *Bradyzhizobium*.

The higher cost of growing organic coffee compared to conventional farming has led many farmers to look for intensification of production to remain competitive, especially during times of low prices in the coffee market \[[@pone.0106355.ref027]\]. Continuation of this study to a larger sample size can provide insight into increasing yields without the cost of environmental damage.

Supporting Information {#sec014}
======================

###### Soil Chemical Analysis.

One chemical analysis was performed per sampling site area for a total of four analyses. Soil sample collection followed the guidelines provided by the laboratory conducting the analysis. Measurements of Zn, Fe, Mn, Cu B and S were not performed for the organic farm soils.

(XLSX)

###### 

Click here for additional data file.

###### Phylum level taxonomy summary.

Taxonomic classifications done in mothur, using GreenGenes database (May 2013).

(XLSX)

###### 

Click here for additional data file.

###### Interactive phylogeny.

Online phylogenetic display of 16S rRNA sequences for each of the 81 samples from the Intensive farm rhizosphere (ICf 71--90) and control (ICn 61--69), the Transient farm rhizosphere (TCf 11--30) and control (TCn 1--10), and the Organic farm rhizosphere (OCf 41--60) and control (OCn 32--33). A radial phylogeny rooted at the center is automatically displayed once a sample is selected from the list of samples on the left. The percentage values represent the relative abundance of the sequences clustering in that phylogenetic group. The hierarchy of each section can be further interrogated by either double clicking a section or by selecting a section and clicking the right or left arrows on the top left corner of the page (right arrow moves toward the root of the chart). Specific terms can be searched and quantified. Figures were generated using Krona \[[@pone.0106355.ref035]\], based on mothur's taxonomic classifications.

(HTML)

###### 

Click here for additional data file.

###### Quantification of common families of nitrogen fixation bacteria.

Relative abundance of nitrogen-fixing archaeal and bacterial family-level groups detected in the rhizosphere of each of the three farms (INT, ORG, and TRN) or all sites together (% of the Total). The family-level relative abundance was calculated as the percentage of sequences of each family found in the total number of sequences retrieved from each rhizosphere. The % of the Total was the number of family-level sequences divided by the total number of sequences from all sites combined. Even though a low number of sequences were retrieved from the genus level of the nitrogen-fixing bacteria, the relative abundance of the respective families were some of the highest among all families in the study.

Raw 16S rRNA sequence data have been deposited at Zenodo: <http://dx.doi.org/10.5281/zenodo.11120>

The full mothur protocol and additional data analysis scripts can be downloaded from Zenodo: <http://dx.doi.org/10.5281/zenodo.11126>

(PNG)
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Click here for additional data file.
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